Abstract A new approach was developed for estimating vertical soil water fluxes using soil water content time series data. Instead of a traditional fixed time interval, this approach utilizes the time interval between two sequential minima of the soil water storage time series to identify groundwater recharge events and calculate components of the soil water budget. We calculated water budget components: surface-water excess (Sw), infiltration less evapotranspiration (I -ET) and groundwater recharge (R) from May 2001 to January 2003 at eight locations at the USDA Agricultural Research Center, Beltsville, Maryland, USA. High uncertainty was observed for all budget components. This uncertainty was attributed to spatial and temporal variation in Sw, I -ET and R, and was caused by nonuniform rainfall distributions during recharge events, variability in the profile water content, and spatial variability in soil hydraulic properties. The proposed event-based approach allows estimating water budget components when profile water content monitoring data are available.
INTRODUCTION
An accurate representation of boundary fluxes is essential for field-scale water flow models. Specifically, flux estimates of runoff, evapotranspiration, surface infiltration and deep infiltration are needed. Methods for estimating these fluxes are typically based on direct measurements, empirical equations, or water flow simulations (Hillel 1998) . For many years, weighing lysimeters have been used to measure evaporation (E), evapotranspiration (ET), infiltration and recharge from bare and cropped soils (Howell et al. 1991) . However, the lysimeter approach also has known drawbacks including disturbance of the soil profile, interruption of deep percolation and horizontal flow, and differences in management between the lysimeter and the adjacent field (Grebet and Cuenca 1991) . Additionally, the high cost associated with the construction and installation of large weighing lysimeters can also preclude their use (Marek et al. 1988, Lourence and Moore 1991) . Regression-based methods for estimating soil water budget components use empirical relationships between rainfall and the soil water budget components, but their regression coefficients typically depend on soil properties and vegetation. Among the regression methods the runoff curve number approach (SCS 1954) has been developed for a single runoff event to estimate surface runoff volumes at field and watershed scales. One approach to estimate groundwater recharge is to compute the proportion of the effective rainfall that forms recharge, where the proportionality coefficient depends mainly on the characteristics of the superficial deposits that overlie the aquifer (Misstear et al. 2008) . Unfortunately, neither the SCS curve number nor the use of recharge estimates based on rainfall are applicable for the fine-scale estimates needed for field-scale water quality models where substantial variability in soil properties is common. Finally, accurate within-field estimates of water fluxes may require substantial resources to measure soil hydraulic properties and/or to obtain data for calibration. Therefore, a simple method is needed to estimate the spatial and temporal variability in water fluxes based on traditionally measured data, e.g. soil water content monitoring.
The use of soil water monitoring data to calculate evapotranspiration (ET), infiltration (I) and groundwater recharge (R) is not new. In the past, neutron scattering (NS) has been used to measure soil water contents, but was criticized for its inability to simultaneously monitor several depths (Evett and Steiner 1995) . Recently, time domain reflectometry (Ferre and Topp 2002) and capacitance-based methods for monitoring soil water content have become increasingly available, and have lent themselves to automated and simultaneous monitoring of soil water contents at several depths (Starr and Paltineanu 2002) . Soil water content data collected via these methods have been used to estimate daily evapotranspiration (Evett et al. 1993) , infiltration (Schwartz et al. 2008 ) and groundwater recharge (Timlin et al. 2000 (Timlin et al. , 2003 .
When soil water contents are used to estimate water budget components, the calculations are commonly derived for specific time intervals (day, month, season, or year). However, it has been shown that results of soil water budget calculations are timescale dependent. For example, Howard and Lloyd (1979) showed that the total annual recharge computed from daily data was substantially larger than the recharge computed from ten-day and or from monthly data. Similarly, Rushton and Ward (1979) found that weekly input data generated recharge values that were 10% below daily values, while monthly inputs generated recharge values that were 25% below daily values. Additionally, Timlin et al. (2000) showed that the groundwater recharge estimates based on a 10-min measurement interval were larger than estimates on daily and monthly basis by about 20% and 70%, respectively. The problem of selecting an appropriate time scale originates from the difference in characteristic time scale of surface and subsurface processes. The characteristic time scale for rainfall, runoff and infiltration ranges from hours to days, while the time scale for groundwater recharge ranges from days to weeks. That implies the necessity to develop a timescale-free approach appropriate for all water budget components.
High spatial and temporal variability in weather and in soil properties introduce significant uncertainty in assessment of soil water budget components. Gee and Hillel (1988) have pointed out the fallacy of averaging processes from point measurements and integrating these averages over time and space to characterize an entire domain in arid regions. Their argument is that most of the recharge is episodic (occurring in short and unpredictable events), and also might be confined to restricted portions of the field. Additionally, water recharge estimates traditionally obtained for arid sites based on "rule-of-thumb" fractions (i.e. 10% or 20%) of the annual precipitation may also be deceptive and highly misleading.
The objectives of this study were to: (a) develop a time-scale-free approach for estimating infiltration, soil water storage and groundwater recharge using real-time water content time series data; and (b) to demonstrate the use of this approach in evaluating temporal and spatial variability and uncertainty in the fluxes' estimates.
MATERIALS AND METHODS

Field experiment
Soil water content monitoring was conducted from 1 May 2001 to 1 January 2003 at eight locations in a 3.2-ha field, which is a part of a 21-ha agricultural research site located at the US Department of Agriculture, Beltsville Agricultural Research Center, Beltsville, Maryland, USA. About 74% of the site's terrain had slope <2% and only 2% of the site had slope >3%. The soils are sandy with a buried clay lens (coarse-loamy, siliceous, semiactive, mesic, Typic Hapludult). The typical soil profile consists of a sandy loam Ap-horizon in the top 30 cm, followed by a loam Bt-horizon that continues down to 80 cm, a loamy sand C-horizon from 80 to 120 cm, and fine textured clay loam lens from about 120 to 250 cm (Gish et al. 2002) . The research site has been under continuous corn (Pioneer34D71) production for 5 years. Field operations include disking, cultivation, N applications in amount of 25 lb per acre (approx. 28 kg ha -1 ) at planting, P and K applications according to crop demands, and side dressing of N at a rate of 120 lb per acre (135 kg ha -1 ).
The soil samples were taken at 12 locations randomly selected within the studied field to analyse soil texture and saturated hydraulic conductivity (K s ). The soil samples were collected in ten 20-cm increments to a depth of 2 m for soil texture measurements using a 5-cm diameter Eijkelkamp open-face hand auger. Additionally, 60 undisturbed 98-cm 3 soil cores were taken at the same locations with a soil sample ring kit (Eijkelkamp Agrisearch Equipment BV, Giesbeek, The Netherlands 1 ) in five 20-cm increments to a depth of 1 m for K s measurements. Particle-size distribution was determined using a standard pipette method (Gee and Or 2002) . A constant head soil core method (Reynolds and Elrick 2002) was used for K s measurements.
Soil moisture multi-sensor capacitance probes (MCP) (Sentek Pty, Kent Town, South Australia) were installed at eight locations to monitor soil water content in the 0-180 cm soil layer (Fig. 1) . To minimize soil disturbance and assure good contact with 1 Trade names are included for the benefit of the reader and imply no endorsement or preferential treatment of the product listed by the USDA. soil, the MCP access tubes were installed according to the manufacturer's recommendations using tubes and the tool kit supplied by the manufacturer. The MCPs at all locations had sensors centred at 10, 30, 50, 80, 120 and 180 cm, and extra sensors were installed at a depth of 150 cm at locations L1-L4. Soil water content was measured at 10-min intervals that provided a nearly-continuous, real-time record throughout the monitoring period. Each sensor integrated the soil water content over a 10-cm interval, e.g. the sensor that was centred at 10-cm integrated soil water content between 5 and 15 cm. We used the laboratory calibration developed for the silt loam soil from Beltsville Agricultural Research Center by Paltineanu and Starr (1997) to convert MCP readings into the volumetric water content. The root mean squared error of the calibration reported by the authors was 0.009 cm 3 cm -3 .
A meteorological station at the site was used to monitor wind speed, relative humidity, net radiation, air humidity and temperature. Daily evapotranspiration rates (ET) were computed from collected data using the Penman-Monteith method, as documented by FAO (Allen et al. 1998) . The PenmanMonteith method has been developed to estimate ET from a reference crop growing at non-stress conditions and therefore it tends to overestimate the real evapotranspiration. To reduce the crop effect on ET values, the meteorological station was positioned in close vicinity of MCP probes with similar soil and vegetation conditions. Measured precipitation values and calculated ET were integrated over time to obtain cumulative values as a function of time from the beginning of this study.
Event-based method to estimate water budget components
The water budget components, i.e. total infiltration, soil water storage and groundwater recharge, were calculated on an event basis. First, soil water storage, S(t), time series were calculated from the soil water content monitoring data using a linear interpolation as: where θ i (t) is the volumetric water content measured at depth i (cm 3 cm -3 ); z i is the depth of the sensor installation (cm); t is time (d); and n is the number of sensors.
Then S(t) time series were inspected to identify water recharge events. An example of such a series illustrates a characteristic multi-peak time series of soil water storage calculated for the top 180 cm of soil ( Fig. 2(a) ). Each peak was located between two local minima and consisted of discernible rising and falling limbs (Fig. 2(b) ). The rising limb normally started with the rainfall (t b ), and ended when the rain ceased (t max ). The falling limb started at the end of the rising limb (t max ) and included periods with minimal or no rainfall so that the soil water storage term did not increase. The soil water storage time interval ended at the beginning of the next relatively high rainfall event (t e ). Thus, the water recharge event is defined here as the time interval between two successive minima in the soil water storage. By using the soil water storage time interval to compute components of the water budget, we are assuming that during and after a rainfall event the soil layers lose water that exceeds the "localized" soil water holding capacity and thus moves sequentially downwards. Therefore, the recharge can be reliably associated with the specific amount of water received during a rainfall event. The groundwater recharge over each event was computed using a soil water budget approach. The definition of groundwater recharge that we use here is similar to the definition of potential recharge introduced by Rushton (1997) . Specifically, the water recharge is the amount of infiltration estimated from surface and subsurface soil water that may (or may not) reach the water table, because of unsaturated zone processes, or the ability of the saturated zone to accept recharge.
The soil water budget equation was written as:
where R(t) is the groundwater recharge (cm); I(t) is infiltration into the soil (cm); ET(t) is evapotranspiration over the recharge event (cm); and S(t b ) and S(t e ) are values of soil water storage in a soil layer at the beginning and the end of the groundwater recharge event (cm). This water recharge estimate assumes that subsurface lateral flow is negligible. Total infiltration during a groundwater recharge event was calculated as:
where P(t) is rainfall (cm); and Sw(t) is surface-water excess over an event (cm). Total precipitation and ET during events were calculated as differences between cumulative values corresponding to the end (t e ) and the beginning (t b ) of each event ( Fig. 2(b) ). Changes in the soil water storage were computed as differences between soil water storages calculated for beginning S(t b ) and end S(t e ) of each event using equation (1).
To compute the surface-water excess we used the rising limbs of soil water storage time series, precipitation and ET over time intervals [t b , t max ]:
We assume that a negligible groundwater recharge occurs within the time interval
The thickness of soil layer to compute the water budget was selected such as to assure that the upward capillary flow through this depth could be neglected and no substantial water losses for evapotranspiration occurred below this depth. To define the thickness of the water budget layer, we computed soil water storage changes at ascending and descending limbs of soil water storage time series at depths of 120, 150 and 180 cm, and plotted them against changes at depth of 80 cm for the same periods of time. The thickness was defined as the depth below which changes in S(t) with the depth were negligible.
To define factors affecting water budget components, a residual analysis of the linear regressions:
was performed. This analysis allowed us to estimate effects of the water content, soil water storage before the rainfalls, and rainfall rates on the Sw and I. In these equations ε 1 and ε 2 are the residuals (cm).
RESULTS AND DISCUSSION
Soil water content monitoring
Soil water contents observed during the 20-month monitoring period varied both spatially and temporally. Generally, soil water contents at depths from 10 to 50 cm responded rapidly to precipitation and increases in ET (Fig. 3) . Both the averaged water contents and the range of their oscillations were higher at a depth of 10 cm than at depths of 30 and 50 cm. Water content below the depth of 50 cm did not always show a clear response to precipitation or evapotranspiration. The soil water contents were high and nearly constant at 150 and 180 cm depths in location M1 (representative of locations M1-M4), while L1 (representative of L1-L3) showed noticeable changes in the subsurface. The changes in soil water content observed at L1-L3 at these depths are likely to be due to subsurface restricting layers that create a localized perched water table (Gish et al. 2002) .
The temporal variation of soil water content observed at depths from 10 to 50 cm originated from the seasonal variation in precipitation and evapotranspiration. Typically, water content oscillations were higher in May-September compared with September-April for both years, due to frequent intensive rainfall events and high evapotranspiration rates from the soil in spring and summer months (Fig. 3) . Temporal variability at and below 80 cm depth was likely affected by the dynamics of the perched water level. Figure 3(a) shows a gradual decrease in water contents at the lower depths of location L1 in July-December 2001 and July-October in 2002, caused by decreasing water level, and following water contents increase in March-May and October-November 2002, caused by increasing perched water level. Water table depth monitoring conducted in 2006/07 in the same field for a different study showed that the increase in the water-table depth typically occurred in July-August, when the rate of evapotranspiration was highest, and the decrease occurred in March-April due to intensive spring precipitation. This monitoring also revealed high spatial variation in the depth to the perched water (data not shown). The observed water table was below the depth of 150 cm at four locations, between 80 and 150 cm at two locations, and varied from 0 to 100 cm at six locations during the same time period. Spatial variation in the groundwater depth could cause differences in soil water contents observed at and below 80 cm depth at location L1 ( Fig. 3(a) ) and location M1 (Fig. 3(b) ).
Spatial variation in soil water content is commonly attributed to micro-and macro-relief, vegetation and soil properties (Reynolds 1970 , Hawley et al. 1983 , Western and Blöschl 1999 . In our study, vegetation and topography were nearly the same at all locations, while soil texture varied greatly among different depths and locations. Variation of soil texture in the studied field at the same depths was within two textural classes in layer 30-50 cm, and within 3-4 classes below 70-cm depth (Table 1) . Thus, spatial variation in soil texture could be a major factor affecting variation in soil water content.
The spatial variation in soil water content can also be partially attributed to the MCPs used in our study for water content measurements. The MCP errors can arise from access tube installation, probe calibration, volume sensed by probe, probe sensitivity at different water contents and other factors (Evett et al. 2009 ). In spite of precautions taken during the probe installation, it is technically difficult to provide the perfect contact of the access tube with the soil in a layered soil profile. Although we used the soil specific MCP calibration obtained in laboratory controlled conditions (Paltineanu and Starr 1997 ), a single laboratory calibration might not have represented well the relationships between probe readings and soil water contents at different depths and locations, because the bulk electrical properties of the soil horizons may differ from the values observed in the soil used for the calibration. The volume sensed by the probe depends on the soil water content and is estimated to be approximately 235 and 470 cm 3 (Evett et al. 2009 ) for saturated and dry soil, respectively. At all locations this error could be more pronounced in the top 50-cm soil layer. At locations L1-L3 it could be higher below 80 cm depth, where water content was more affected by the changing groundwater depth. It also has been shown that soil bulk density and temperature affect capacitance probe readings (Mead et al. 1995 , Evett et al. 2006 . The readings for the same water content were consistently greater in the sandy loam soil at bulk density of 1.5 g cm -3 than at 1.3 g cm -3 in the Mead et al. (1995) study. For the soil-specific calibrations in a Pullman, soil water content increases caused by the increasing temperature were 0.0005 cm 3 cm -3 • C -1 and 0.0017 cm 3 cm -3 • C -1 for air-dry and saturated soil, respectively (Evett et al. 2006 ). We did not correct the MCP calibration for soil temperature because those data were not available in this study.
Defining recharge events and depth
The definition of the recharge event in this study differed from those previously published by other authors. For instance, Sophocleous (1991) considered Timlin et al. (2000) , Starr and Timlin (2004) defined the recharge event duration as the time from the beginning of rainfall to the next time with rain that was at least 24 h after the previous rain. We see the advantage of the event definition based on water storage dynamics in the independence from the frequency and duration of the precipitation. The recharge events were defined from a soil water storage time series as described earlier. These series were calculated for soil layers 0-80, 0-120, 0-150 and 0-180 cm using equation (1) from measured soil water contents. For the 20 months monitored, 88 recharge events were identified with highly variable characteristics. The event durations ranged from 0.5 to 39 d, total evapotranspiration ranged from 0.02 to 3.37 cm, and total precipitation ranged from 0.03 to 3.38 cm over recharge events (Fig. 4) . For each event soil water storage changes at ascending and descending limbs of soil water storage time series were computed for four depths (80, 120, 150 and 180 cm). The changes computed for the last three depths occurred to be very close (R 2 = 0.98) to the changes at depth of 80 cm for the same events (Fig. 5) . The changes in S(t) at depth of 80 cm deviated considerably from the changes computed at depths of 120, 150 and 180 cm only for events, when rising and declining groundwater level affected soil water content at those depths. For instance, fast decrease of water content at depth of 150 cm observed in location L1 during October-December 2001 and July-September 2002 monitoring periods Fig. 3(a) ) was caused by declining groundwater level and resulted in a considerable decrease of soil water storage values computed for events within this period of time for soil layers 0-150 and 0-180 cm. However, the groundwater level did not affect water contents and water storage at depths less than 150 cm. As a result, water storage changes in the layers 0-150 and 0-180 cm were greater as compared to values computed for 0-80 and 0-120 cm layers. The effect of rising groundwater level could be seen in OctoberNovember 2002 when a fast increase in water content was observed at depths of 150 and 180 cm (Fig. 3(a) ).
Similarity in S(t) changes calculated for different depths implies that water that left the soil profile at the 80-cm depth, was transmitted downward and eventually reached groundwater. Therefore, to evaluate groundwater recharge in experimental conditions of this site, the soil water budget components were computed for the top 80-cm soil layer, in order to minimize the effect of perched water on water budget calculations.
Water budget components
Surface water excess, Sw, groundwater recharge, R, and amount of water contributing to soil water storage calculated as the difference between the total infiltration, I, and total evapotranspiration over recharge events computed using equations (2)-(4) are shown in Fig. 6 . Not all rainfalls resulted in the surface water accumulation and infiltration. Depending on the location, the surface water accumulation did not occur in 17-35% of rainfalls, I values were less than ET values for 25-32% of rainfalls at the studied locations. Zero Sw values and negative I -ET were observed for precipitation values smaller than 1.4 and 3.5 cm in 75 and 95% cases, respectively. Zero Sw values for small precipitations were caused by both rainfall amounts and low precipitation rates (<3 cm d -1 ) inherent to these rainfalls. Negative I -ET values were attributed to high evapotranspiration rates and long-term intervals of soil water storage.
A general increase in Sw, R and I -ET values with the rainfall (P) was observed for positive values of the water budget components at all locations. Correlation coefficients between Sw, R, I -ET values and P during the events were significant for all locations except locations L1 and L2, where correlation coefficients between R and P were less than 0.3 indicating poor or no relationship between the examined variables ( Table 2) . Values of correlation coefficients were higher for I -ET, compared to the values for Sw or R, implying a stronger relationship between precipitation and infiltration less evapotranspiration, than the relationship between precipitation and surface water excess or groundwater recharge. Surprisingly weak or no correlation was found between groundwater recharge and infiltration less evapotranspiration; correlation coefficients were significant only for locations L4 and M2 (Table 2) . This means that the recharge for this particular area cannot be reliably predicted based on the rainfall monitoring data. These results corroborate results of Timlin et al. (2003) who observed high recharge uncertainty at different seasons of the year. Their seasonal recharge estimates were 58 ± 34%, 25 ± 25%, and 32 ± 21% of rainfalls for winter-spring, summer and autumn-winter of 2002, respectively. Fewer rainfalls resulted in groundwater recharge than in the formation of surface-water excess and infiltration. The water budget components presented in Fig. 6 showed that, depending on the location, from 36 to 51% of rainfall events contributed to the groundwater recharge, while 65-83% and 68-75% events resulted in surface-water excess and infiltration events, respectively. The total rainfall contribution to the groundwater recharge was also smaller compared to contributions to Sw and I -ET. Across all locations and events, percentages of the recharge at probabilities of 50, 75 and 95% were equal to 0.4, 26.1, and 73.4%, respectively. Our estimate for 75% probability was very close to the results obtained by Timlin et al. (2003) . These authors used the water budget approach to compute recharge in a sandy loam and silty loam soils based on the water content profile monitoring conducted in 2002 at eight points of a 12 × 20 m experimental plot located approximately 4 km east of this research site. They considered only the events with nonzero recharge and obtained a recharge estimate of 25 ± 25% (mean ± standard deviation) of rainfall for summer season. In their study the zero recharge was mostly associated with the short rainfall events.
Factors affecting the water budget components
Correlation coefficients between the residuals and the rainfall rates, water contents in top 10 cm layer (θ 10 ) before rainfall, and soil water storage in 0-80 cm soil layer before the rainfalls appeared to be insignificant for all locations (Table 3) . Poor correlations of the residuals, ε 1 and ε 2 , with initial water content and water storage were likely caused by the difference in water content distribution with depth before rainfalls and high vertical variability in soil hydraulic properties. For example, different water content distributions were observed for events with rainfall amounts of 2.03±0.14 cm for nearly the same water storage values at location L4 (Fig. 7(a) ). Coefficients of variation of the water storage in the 0-80 cm soil layer for these events ranged from 0.4 to 1.8% within each water storage group. Small difference in water contents in events with similar S(t b ) values could lead to the considerable difference in unsaturated hydraulic conductivity, due to strongly nonlinear relationship between the conductivity and the soil water content typical for sandy soils (Hillel 1998) . As a result, considerable variations of infiltration caused by differences in unsaturated hydraulic conductivity of the top soil layer were observed in the events with similar precipitation and soil water storages computed in 80-cm soil layer before rainfall events ( Fig. 7(b) ).
This variability cannot be entirely attributed to the soil water content in the top 10-cm soil layer. No significant correlations were found between I and θ 10 (Fig. 7(c) ). Poor correlations were also found between ε 1 , ε 2 and rainfall rates over rainfall events (Table 3 ). The absence of relationships between residuals ε 1 , ε 2 in equation (5) and P rate can be associated with changes in the rainfall rate during the event. Constant rainfall rates were rarely observed during the soil water monitoring period, most rainfalls were intermittent. For intermittent rains, the time interval between the precipitation peaks varied from 1 to 24 hours, and precipitated amounts were 1.5-3.5 times different from each other (Fig. 7(d) ). Rates within multiple relatively short steeply increasing limbs of a single intermittent rainfall event were up to one order of magnitude higher than the rate of the entire rainfall event. Past studies showed that intermittent rainfalls have multiple effects on infiltration and surface-water accumulation (Rubin 1966 , Bruce and Whisler 1973 , Bauer 1974 , Swartzendruber and Hillel 1975 , Gimenez et al. 1992 , Fohrer et al. 1999 ). Short and intensive rains shorten a supply-controlled infiltration stage and increase water infiltration into the soil compared to moderate precipitation of the same rainfall amount (Fohrer et al. 1999) . However, droplet impact on soil surface increases with the rainfall rate and is likely to result in formation of seals and macro-pore sealing that reduces hydraulic conductivity (Bruce and Whisler 1973, Gimenez et al. 1992 ) and becomes the infiltration limiting factor (McIntyre 1958, Epstein and Grant 1973) . Seal formation may occur in dry Table 3 Pearson correlation coefficients between the residuals in equation (5), water content in the top 10-cm soil layer (θ 10 ) and soil water storage in the 80-cm soil layer S(t b ) before rainfall events, and rainfall rates (P rate). soils due to air slaking of soil aggregates, and in wet soils due to lower shear stress in wet aggregates (Le Bissonnais and Singer 1992) . These findings suggest that the effect of soil water content before the rainfall could be considerably moderated by the reduction in the surface hydraulic conductivity. Time intervals between two rainfall peaks may also affect total infiltration over the recharge event. Since the infiltration rate decreases as the surface soil water content approaches saturation, the longer betweenpeak time intervals allow for recovery of infiltration capacity during intermittent rainfalls due to large total evapotranspiration and infiltration losses from the topsoil over longer period of time (Bauer 1974) . The partitioning of the surface-water excess between overland flow and depression storage could affect infiltration rates. Rubin (1966) and Swartzendruber and Hillel (1975) demonstrated deviations of the ponded infiltration from the infiltration at the constant water application rate. Overall, both sealing and reduced hydraulic conductivity at the soil surface and rainfall intermittency could be responsible for the variation of infiltration values. The increase in I -ET values with the rainfall amount did not translate into an increase in the groundwater recharge values in this study-weak or no correlation was found between groundwater recharge and infiltration (Table 2 ). This result cannot be explained by the smaller water storage before high rainfall events. Soil water storage varied considerably among the events with nearly the same precipitation, but the difference between S(t) values before low and high rainfalls was not statistically significant (data not shown). A possible reason for the absence of a relationship between R and I could be found in the profile distribution of soil hydraulic properties. The saturated hydraulic conductivity at the studied area was relatively low at and below 50 cm depth compared with the top 30-cm soil layer (Table 1 ). An increase in infiltration caused water accumulation in the top 50-cm soil layer due to the slow percolation below this depth. Pearson correlation coefficients between I and changes in S(t) ranged from 0.79 to 0.89 (p < 0.01). This implies that groundwater recharge durations, particularly for the high precipitation, were not sufficient for the groundwater recharge to occur. It can be seen in Fig. 8 that the greater recharge percentage was observed for the longer recharge events at 50% probability.
The high spatial variation in Sw and I -ET was also observed during the monitoring period. Values Sw and I -ET were normalized by expressing them as the percentage of rainfall for each event. Their coefficients of variations (CV) ranged from 11 to 151% for Sw and from 20 to 138% for I -ET values. The CV values did not correlate with the rainfall amount and varied considerably for events with similar rainfall amounts. Spatial variation in overland flow and infiltration has been commonly attributed to soil surface conditions and topography, vegetation, and soil properties (Rawls et al. 1983 , 1989 , Brakensiek and Rawls 1988 . The elevation was not found to affect either I -ET or Sw variation in our study. However, the maximum difference in elevation among the eight monitoring locations was 4.1 m. The elevation was lowest at locations L1 and L2 (37.3 and 37.4 m) , and highest at locations L4 and M4 (41.2 and 41.4 m). In spite of that, the differences in estimated I -ET and Sw were greater between locations L1 and L2, compared to differences between L2 and M4. Soil surface conditions and vegetation were nearly the same at all locations and were unlikely to explain observed variations in infiltration and surface-water excess. Water contents at the depth of 10 cm before rainfalls were different at all locations; however these differences were statistically significant (p < 0.05) only for locations L1 and M2, where extremes were observed. The high water content at 10 cm depth could result in consistently low I -ET values obtained at the location M2 perhaps in part due to lower infiltration rates at the early stages of infiltration. Overall, spatial effects of the water content before rainfalls on variation in I -ET and Sw were probably masked by temporal variations in both water contents and water budget components.
Spatial variations in the estimated infiltration translated into the high variation in the groundwater recharge. Coefficients of variations for R values, expressed as the percentage of rainfall, ranged from 10 to 116%. The observed variability was a combined result of the spatial variation of water content and soil hydraulic properties. The ranges in surface water content variation across locations before rainfalls varied by more than one order of magnitude between different rainfall events. For example, the range of water content before rainfall at the 10-cm depth was 0.22 cm 3 cm -3 on 20 June 2001, and only 0.02 cm 3 cm -3 on 13 July 2002. As a result, variations in surface soil water content measured in this study caused over eight orders of magnitude variations in unsaturated hydraulic conductivity as estimated using the ROSETTA Software (Schaap 2004 ) for a sandy loam soil. Variations of the unsaturated hydraulic conductivity can be still two orders of magnitude higher due to the spatial variation in saturated hydraulic conductivity observed across this studied area. Since the recharge was a product of infiltration controlled by water permeability, the spatial variation in infiltration was likely magnified by the spatial variation in hydraulic conductivity, and resulted in the high recharge estimate variation.
The groundwater recharge can also be affected by duration of the recharge event. The increase in the event durations has been reported to cause recharge underestimations. Rushton and Ward (1979) have shown that short periods of recharge were often masked if weekly or monthly input data were used. Weekly input data resulted in underestimation of about 10% and monthly budget computations led to recharge values which were up to 25% below the daily data-based values in their study. In our study, water content and precipitation were monitored almost continuously (every 10 min), and ET was calculated on a daily basis, thus the increase in the duration of the events was unlikely to affect the recharge estimates. The possible effect of event duration could be observed for short recharge events with high rainfall rates and was caused by specific soil properties in the studied area. For example, the 1.3-day-long recharge events, which constituted 11% of all events (Fig. 8) might not have been sufficient to provide high recharge values due to low water permeability at a depth of 50 cm. Therefore, one can expect underestimation of R values for the short events. In this study high uncertainty in the estimated R values for the events longer than 15 days (24% of all events) can possibly be attributed to the ET integration over the long time periods, and is likely caused by the ET error accumulation. Uncertainty in groundwater recharge estimates was relatively small in 62% of the events with the recharge time in the range 3.5-9.5 days (Fig. 8) , when the recharge time was sufficient to transport infiltrated water below the 80-cm depth and the ET error accumulation did not affect considerably the water budget computations.
The high spatial variability in water budget components obtained in this study can partly be attributed to the method of water storage integration and errors in water content measurements using MCPs. Water content in the top 10 cm layer was measured using the sensor centred at 10 cm depth, which integrates soil water content between depths of 5 and 15 cm. Water content was not measured in the top 5 cm layer, and measurements at a depth of 10 cm were used in soil water storage calculations (equation (1)) for that layer. Due to spatial variability in soil properties and intensive fluxes through this layer, water content at 5-cm depth can differ from that at 10-cm depth and this difference may vary in time and from one location to another. Therefore, the extrapolation used could result in both overestimation and underestimation of the water storage, while soil is drying and wetting. The MCPs errors, as discussed earlier, can also contribute to spatial variability in water budget components. A possible solution could be in using site-and depth-specific calibration of MCPs and monitoring soil temperature simultaneously with water content at each location. However, currently it is unclear how seasonal changes in soil bulk density and changes associated with soil cultivation can be accounted for in the calibrations. This source of variability presents an interesting avenue for further research. The spatial variability in water budget components can also be caused by the small volume sensed by the MCPs. Evett et al. (2009) have indicated that the accuracy of water content measurements made using electromagnetic methods is lower than that of measurements with the neutron scattering method with the sensing volume estimated by these authors to range between 0.9 and 4.2 m 3 . However, nowadays neutron scattering is rarely used for water content monitoring because of regulation and training requirements, as well as its inability to monitor several depths simultaneously.
Overall, an arbitrary single point measurement provides a poor representation of the whole field where the measurement devices are installed. Analysis of the temporal stability in a set of point measurements of soil water contents can enable one to select the location where the measurements are best mimicking the average water content across the field (e.g. Guber et al. 2008) . However, it remains to be seen whether data from such a location can be used to estimate average across-field fluxes rather than average across-field water contents.
CONCLUSIONS
An event-based approach was developed for estimation of water fluxes at the boundaries of the monitored soil profile using soil water storage dynamics independently from the frequency and duration of the precipitation.
The application of the event-based approach revealed high uncertainty in surface water excess, infiltration, and groundwater recharge estimates for a 20-month monitoring period. The uncertainties in the surface water excess and infiltration were attributed to rainfall rate changes during intermittent rainfalls, spatial and temporal variation in soil water content and in soil hydraulic properties. The uncertainty in groundwater recharge was associated with the infiltration uncertainty, spatial and temporal variation in soil water content and in soil hydraulic properties, and with the event durations.
The recharge estimates based solely on the rainfall amounts were found to be inaccurate due to their high uncertainty and absence of correlation between the infiltration and groundwater recharge estimates. The recharge was primarily controlled by the low permeability at a depth of 50 cm, and was not sensitive to changes in the rainfall amounts and rates in this study.
